Abstract. The present work describes the in vitro aerosol deposition and enhanced deaggregation behavior of superparamagnetic iron oxide nanoaggregates (SPIONs). SPIONs were surface-coated with amine functionalized polyrotaxane and were proposed as a carrier for inhalation dry powders. Polyrotaxane is primarily composed of beta cyclodextrin rings which are spontaneously threaded on the block copolymer, poly(propylene glycol) bis(2-aminopropylether). Variable concentrations of surface coating polymers showed controlled manipulation of the crystal size and morphology. Magnetic nanoaggregates fabricated with low concentration of polyrotaxane showed cubic crystal morphology. However, these nanoaggregates exhibited rhombic dodecahedron crystal structure upon increasing the coating polymer concentration. In comparison to the spherical uncoated magnetic nanoparticles, cubic phase magnetic nanoaggregates demonstrated an enhanced in vitro aerosol deposition using magnetic field alignment. This enhancement can be accomplished at low inhalation flow rates (15 and 30 L/min). However, transformation to the cubic crystal structure was observed to be associated with a reduction in the powder geometric standard deviation. Using a mathematical modeling approach, we noted significant enhancement in the deaggregation behavior of inhalation dry powders; that can be achieved with small amounts of magnetic nanoaggregates. Aggregates of cubic nanoparticles showed promise for targeted pulmonary deposition of anticancer drugs.
INTRODUCTION
Polymeric nanoparticles have been successfully applied for pulmonary delivery of both local and systemic drugs (1) . The respiratory route is particularly advantageous due to the large alveolar surface area, the low thickness of the epithelial barrier as well as the extensive vascular properties (2) . With the recent development of nanotechnology, aerosols composed of magnetic nanoparticles showed several attractive properties for application in respiratory drug delivery (3, 4) . Magnetic nanoparticles have been applied in wastewater treatment (5) . Presently, magnetic nanoparticles have gained increasing attention in biomedical applications such as magnetic resonance imaging (5-7), virus detection (8, 9) , magnetic cell separation (10) , gene therapy (11) , targeting chemotherapy (12) , and pulmonary drug delivery (3, 6) .
A major challenge in pulmonary drug delivery is the low efficiency of the inhalation system. Optimum particle size is very important for deep lung delivery (13) . Therefore, large doses of drugs need to be administered to achieve the effective drug concentration at the specific site of action. Current efforts are focused on developing magnetic nanoparticles that can be directed to a specific location of the pulmonary tract. These nanoparticles are responsive to an external thermal stimulus, i.e., the heating effect associated by alternating an external magnetic field (14) . Given the limited knowledge of selective cancer biomarkers, specific cell targeting can be managed through conjugation of magnetic nanoparticles with a specific ligand (4, 15, 16) .
Magnetic nanoparticles need to be stable in water at neutral pH (7.4) and normal saline condition (150 mmol) for biological, medical diagnostic, and therapeutic applications. Thus, the surface of magnetic iron oxide cores needs to be modified to prevent the formation of large aggregates and provide functional groups (amine or carboxylic groups) for bio-conjugation to anti-cancer drugs and/or targeted ligands. Various surface coatings have been reported previously, such as liposomes (17, 18) , polyethylene glycol (PEG) (19) , and other polymers (20) . In case of the surface coating with another material, this technique leads to the formation of "hybrid nanostructure" (21) . Magnetic nanoparticles coated with PEGs and beta cyclodextrin have been reported to improve the drug loading and release kinetics of hydrophobic drugs Electronic supplementary material The online version of this article (doi:10.1208/s12249-013-9980-y) contains supplementary material, which is available to authorized users. (22) , increase the specific cancer targeting, and enhance permeability and retention effects (23, 24) .
Harada and coworkers have reported the complex formation between polypropylene glycol and beta cyclodextrin (25) . The proposed structure for these complexes is that the beta cyclodextrin rings are spontaneously threaded onto polypropylene glycol chains in either a head-to-head or tail-to-tail arrangements without any covalent bonding between the two polymers (beta cyclodextrin and polypropylene glycol). In the current study, we proposed a modified method for the synthesis of amine functionalized polyrotaxane through the formation of beta cyclodextrin/poly(propylene glycol) bis(2-aminopropylether) inclusion complex. Introducing an aminofunctional group into the structure of polyrotaxane leads to the formation of highly functional and biocompatible hybrid nanostructures. These magnetic nanostructures possess an enhanced localization of anti-cancer loaded nanoparticles into the lung cancer cells. Therefore, they are promising materials for use in treatment of lung cancer (26) .
The present study deals with amine functionalized polyrotaxane/iron oxide hybrid aggregates for pulmonary drug delivery. These hybrid nanostructures composed of magnetic iron oxide cores and polyrotaxane (PR) shells (Fe 3 O 4 aggregates/PR). Magnetic nanoparticles coated with polyethylene block copolymers possess the ability to circulate for longer time in the blood stream by avoiding the uptake by the reticuloendothelial system (27, 28) . The influence of magnetic field on the systemic absorption and clearance of magnetic nanoparticles was previously reported (29, 30) . The magnetic field application resulted in considerable enrichment of therapeutic agent in the lungs and a depletion in the liver of the magnetic carrier compared to a reference without a magnetic field (29) .
However, the application of external magnetic field did not change the accumulation of magnetic nanoparticles in the lung following their intravenous injection. Therefore, pulmonary delivery of magnetic nanoparticles showed a promise for an enhanced therapeutic effectiveness (30) .
In the current research, we investigated the in vitro aerosol deposition of magnetic aggregates loaded for the potential aerosol delivery of anticancer drugs. The aerosol deposition was assessed with the application of an external magnetic field. The influence of variable concentration of poly(propylene glycol) bis(2-aminopropylether) (PPG-NH2) showed significant effect on the particle shape. In addition, we investigated the aerosolization behavior of magnetic aggregates exposed to an external magnetic field with field strength of 1 T. This study was conducted using a modified next generation magnetic setup. To the best of our knowledge, there is no previous study dealing with the utilization of magnetic next generation impinger (mNGI) in measurement of the aerodynamic diameter. However, a previous study was conducted on the in vitro deposition of magnetic particles in a simulated lung model (31) .
MATERIALS AND METHODS

Materials
The following materials were used: FeSO 4 .7H 2 O (VWR, Mississauga, ON, Canada), poly(propylene glycol) bis(2-aminopropylether) [average molecular weight, M n , 230, Sigma-Aldrich Ltd, Oakville, ON, Canada), beta cyclodextrin (molecular weight 1,135 Da, Sigma-Aldrich Ltd, Oakville, ON, Canada), tetrahydrofuran (Sigma-Aldrich Ltd, Oakville, ON, Canada), and ethanol and ammonium hydroxide (VWR, Mississauga, ON, Canada).
Synthesis of Magnetic Nanoparticles
Spherical Magnetic Nanoparticles (Fe 3 O 4 ). Spherical magnetic nanoparticles were prepared by chemical precipitation of (ferrous sulfate heptahydrate, FeSO 4 .7H 2 O) (22, 32) . The prepared nanoparticles showed a relatively wider size distribution than the polymer-coated formulae (polydispersity index=0.39). Results for the polydispersity indices are presented in Table I .
PPG-NH2-Coated Magnetic Nanoparticles. PPG-NH2 surface-modified magnetic nanoparticles were prepared by mixing a predetermined amount of iron precursor with the amine functionalized poly(propylene glycol) block copolymer (PPG-NH2).
Synthesis of Amine Functionalized Polyrotaxane. The synthesis of polyrotaxane inclusion complex was previously reported by Harada et al. (25) . The modification we introduced to the synthesis was the inclusion of amine functionalized poly(propylene glycol) block copolymer into the cavity of beta cyclodextrin. The detailed synthetic method and the molar ratios of both polymers are provided in the supplementary section. The chemical structure of the prepared inclusion complex is presented in Scheme 1. Polyrotaxane-Coated Magnetic Nanoparticles. In these samples, the amounts of amine functionalized polyrotaxane were varied from 50 to 300 mg/100 mg of nanoparticles. Increasing the inclusion complex concentration resulted in morphological transformation of magnetic nanoparticles from cubic to rhombic dodecahedron crystals.
Characterization of Magnetic Aggregates
Particle Size and Morphology. Magnetic nanoparticles size and morphology were evaluated using transmission electron microscope (TEM) (Hitachi High-Technologies GmbH, Krefeld, Germany). The morphology of particles was also examined using scanning electron microscopy, with a scanning electron 600F model microscope (Jeol Ltd, Tokyo, Japan). The samples were prepared on aluminum stabs and coated with gold prior to the examination.
X-ray Diffraction. X-ray diffractometer (RigakuMiniflex, The Woodlands, TX, USA) was utilized for examination of the crystal profile of loaded and unloaded samples. The samples were exposed to X-ray radiation (Cu K α, 40 KV, 20 mA) at a wavelength of 1.54 Å. The samples were scanned over a 2-theta range between 15°to 70°and at a step size of 0.02°.
Fourier Transform Infrared Spectroscopy. Fourier transform infrared spectroscopy (FTIR) spectra were in the solid state by Bruker-Vector 22 FTIR spectrophotometer (BrukerVector, Milton, ON, Canada).
Thermo-gravimetric Analysis. Magnetic aggregates samples were examined using thermogravimetric analysis (TGA)-SDTA 851 instrument (Mettler Toledo, Mississauga, ON, Canada). Samples (10 mg) were heated from 25°C to 600°C at a rate of 20°C/min under continuous purge of nitrogen gas.
Dynamic Light Scattering. Malvern dynamic light scattering (Malvern Instruments Ltd., Worcestershire, UK) was utilized to examine the size of synthesized polymer-coated magnetic aggregates. The polydispersity index as well as the mean volume diameter was examined. The obtained data represent the volume median diameters of nanoparticles. The corresponding aerodynamic diameter was theoretically calculated as follows:
where ρ is the tap density and ρ 1 =1 g/cm 3 (33) . The powder density was measured using a TAP-2S tap density tester (Logan Instruments CORP, Somerset, NJ, USA).
In Vitro Magnetic Aerosol Deposition
The purpose of these experiments was to investigate the in vitro aerosol deposition of magnetic nanoparticles using a mNGI setup (Scheme 2). The construction of the mNGI was modified based on the design outlined for the next generation impinger in previous publications (34, 35) . For each magnetic aggregates sample, the flow rate throughout the mNGI was varied between 15 and 100 L/min by the utilization of a calibrated flow meter (TSI 3063, TSI instruments Ltd., Buckinghamshire, UK). The magnetic field values were measured as a function of the calculated upper cut-off diameter on each stage of mNGI and at variable flow rates. The cut-off diameters for the mNGI at different inhalation flow rates are listed in Table S-1 (Supplementary section). The magnetic dry powders are delivered through a Handihaler® (Boehringer Ingelheim Inc., Ridgefield, CT, USA).
A preliminary experiment was conducted on a standard lactose sample (mass median aerodynamic diameter (MMAD)= 5 μm, geometric standard deviation (GSD) = 1.82) in order to evaluate the cut-off diameters for NGI and mNGI. The data examined for both impingers indicate similarity in MMAD and GSD for both impingers, which suggests that the modifications made to the NGI have not significantly affected its particle sizing capabilities. All modifications done to the NGI are the application of an external magnetic field, which has no effect on the function of the collection cups.
The cumulative mass of particles deposited on each stage of mNGI was calculated and plotted as percentage of the total mass of powder exiting the inhaler device. The MMAD and the GSD were calculated for each sample based on the previously reported expressions (33) .
Magnetic Field and Powder Magnetization
The magnetic field at each stage of mNGI was measured by a Gaussmeter (5180 Gaussmeter, Pacific-Scientific-OECO, Milwaukie, OR, USA), and the powder magnetization values were measured using vibrating sample magnetometer (Model 74035, Lake Shore Cryotronics Inc., Westerville, OH, USA) at 300 K. The magnetic properties of aggregates samples were studied at field range of ±10,000 gauss. Fig. 1 . FTIR spectra of uncoated magnetic core, beta-cyclodextrin, poly(propylene glycol) bis(2-aminopropylether) "PPG-NH2," polyrotaxane inclusion complex, and polyrotaxane-coated magnetic aggregates
Mathematical Modeling of Powder Dispersion Behavior
For further monitoring of the extent of powder dispersion upon exposure to an increasing air flow rate, a deaggregation index was introduced. The deaggregation index was calculated by dividing the theoretically calculated D aer by the experimentally measured MMAD (33) . The change in the calculated deaggregation index as a function of the air flow rate was monitored. This experiment was continued till complete powder dispersion was achieved, which can be confirmed by a plateau in the de-aggregation index-air flow rate profiles. In order to compare the dispersion behavior of different magnetic samples, the calculated de-aggregation index-air flow rate profiles were mathematically fitted to the following three-parameter sigmoid equation:
where parameter (a) is the maximum de-aggregation index that can be achieved upon increasing the air flow rate to 100 L/min and (x 0 ) is the minimum air flow rate required to produce a de-aggregation index value equals to 0.5. The rate of dispersion process is presented by parameter (b), which is the difference between the two air flow rates required to achieve a de-aggregation index values equals to 0.75 and 0.25 (36) . In other words, the curve fitting parameters (a) and (b) represent the extent and rate of dispersion process, respectively.
RESULTS
Characterization of Aggregates
TGA, DTGA, and FTIR. In this paper, we examined the effect of using PPG-NH2 or polyrotaxane on the morphological and crystal structure of magnetic nanoparticles. Recently, we reported the capability of these magnetic aggregates to encapsulate anticancer therapeutic agent (5-fluorouracil) (22) . In the current study, magnetic aggregates were examined for their regional aerosol deposition using a mNGI setup. Primarily, we investigated the ability of PPG-NH2 and polyrotaxane to encapsulate Fe 3 O 4 magnetic nanoparticles. The FTIR (Fig. 1) and TGA (Fig. 2) profiles indicated the surface adsorption of PPG-NH2 and polyrotaxane on magnetic iron oxide nanoparticles. The first stage of weight loss occurred in the temperature range between 125°C and 225°C, which is attributed to the loss of water molecules. Significant weight loss was observed for the polymer-coated samples at a temperature above 225°C. Thermal decomposition happened gradually with a T max value of 245°C, and this could be referred to the decomposition of beta cyclodextrin residues. The observed temperature range for decomposition of polyrotaxanes is 225-310°C, which is consistent with the reported values (37). The FTIR data verified the ability of both polymers to encapsulate magnetic nanoparticles at the examined concentrations (Fig. 1) . Surface-modified polyrotaxane-coated magnetic aggregates revealed a broad band in the range between 1,000 and 1,300 cm −1 ; this could be due to the stretching of the ether bond of beta cyclodextrin. In addition, some of these bands correspond to the vibrations of polypropylene oxide chains of PPG-NH2. The FTIR data of magnetic aggregates coated with amine functionalized polyrotaxane confirmed that magnetic nanoparticles were surrounded with PPG-NH2 and beta cyclodextrin polymers.
Particle Size and Morphology. Addition of PPG-NH2 or polyrotaxane seemed to significantly affect the particle size and morphology. Increasing the concentration of both polymers resulted in reduction in the particles' geometric diameters (Table II) , which could be related to the content of Fe 3 O 4 in the obtained aggregates. Upon screening the particle size, it was observed that all magnetic samples revealed a mono-disperse size distribution (Fig. 3) . The polydispersity index for PPG-NH2-coated magnetic aggregates ranged from 0.08 to 0.29. An exemplarily TEM image for spherical magnetic PPG-NH2 aggregates is presented in Figure S-1 . In addition, magnetic aggregates coated with polyrotaxane presented a morphological transformation from spherical to cubic shape (Fig. 4) . The change in morphology could be referred to the rapid consumption of Fe3O4/polyrotaxane nuclei, due to the increased rate of crystal growth (38, 39) . Figure 5 demonstrates a comparative SEM image for the aggregates of spherical magnetic nanoparticles and those of cubic magnetic nanoparticles. As seen in the images, no significant difference is observed between both cases.
XRD and Estimation of {200}/{110} Crystal Plane Ratio. Comparing the X-ray diffraction (XRD) patterns of synthesized magnetic nanoparticles with the standard diffraction spectrum (Aldrich catalogue: 31,006-9) revealed that the synthesized products showed a crystalline Table I . Addition of PPG-NH2 or polyrotaxane was usually associated by more organized nanostructures. The XRD patterns of magnetic aggregates with different crystal morphologies are shown in Fig. 6 . The calculated {200}/{110} diffraction planes ratio helped in estimation of the magnetic crystal structure. For PPG-NH2-coated magnetic aggregates, the diffraction planes ratios are generally less than 0.5, which confirms the observed spherical morphology. However, polyrotaxane-coated aggregates demonstrated higher crystal plane ratios, which indicates the transformation in the crystal morphology from cubic to dodecahedron.
Saturation Magnetization of Aggregates as Measured with Vibrating Sample Magnetometer. The relation between the induced moment of magnetic samples and the applied magnetic field is presented in Fig. 7 . The measured saturation magnetization value was 0.32 emu/g. This saturation magnetization value was much smaller than the literature value for magnetite (4, 20) , which could be attributed to the smaller size of magnetic nanoparticles or the surface oxidation of magnetite at the surface of nanoparticles. Polyrotaxane-coated samples showed a saturation magnetization value 3.56 emu/g, which could be referred to the surface coverage of aggregates with polyrotaxane inclusion complex. Selection of a Dry Powder Inhaler Device for Magnetic Aerosol Delivery. The selection of an inhaler device for delivery of magnetic aggregates was based on preliminary experiments conducted using two proposed inhaler devices: the Handihaler® and Aerolizer®. The internal geometries for both devices are demonstrated in Fig. 8 . Based on our observations, the Handihaler® demonstrated better dispersion and less capsule and device retention. This could be attributed to the different mechanisms of operation of both inhaler devices (41) . The Handihaler® exhibits different mechanism of operation, which showed impact on the fine particle fraction (FPF) and emitted dose (ED).
In case of the Aerolizer®, the airflow enters the inhaler device through the two opposite tangential inlets of the capsule chamber. The turbulent airflow is the only major factor that assists in capsule ejection. However, in case of the Handihaler®, the air stream passes through a single inlet in the inhaler device, and then the inhalation flow stream is suddenly expanded as it passes through the capsule chamber. The sudden opening during the air passage from the inlet to capsule chamber resulted in a pressure loss in this region associated with an annular circulation of air. The incoming flow of air pushes the capsule toward the grid simultaneously with the low-pressure regions that are continuously attracting the capsule toward the grid. The alternating attraction and pushing causes the capsule to spin and vibrate in the chamber. For this reason, better capsule evacuation is obtained in case of the Handihaler®.
Application of Magnetic Next Generation Impinger for Estimation of Aerosol Deposition Characteristics. The deposition of coated magnetic aerosol particles in an in vitro lung model has been reported by Xie et al. (31) . In the current study, the aerosolization performance of magnetic aggregates was examined using a magnetic next generation setup (Scheme 1). A preliminary experiment on a standard sample (MMAD=5 μm, GSD=1.83) was conducted in both NGI (42) and Aerolizer® (b). The internal geometry of both devices is based on structures illustrated in (41) and mNGI in order to validate the cut-off diameters for each stage of magnetic setup. The results obtained indicate similarity in MMAD and GSD values measured in both devices, which suggests that the modifications made to NGI have not significantly affected its particle sizing capabilities. Different samples were examined for their magnetic aerosol deposition at variable flow rates. The dependence of magnetic field on the position of the permanent magnet (1 T) is presented in Fig. 9 . Generally, the magnetic field showed a two-fold increase on increasing the inhalation flow rate from 15 to 100 L/min. At 60 L/min, the average magnetic field at mNGI stages 1 (cut-off diameter higher than 4.46 μm) was 0.088 T. In comparison, at cutoff diameter less than 4.46 μm, the average magnetic field approximately increased from 0.22 to 0.731 T upon moving from stage 2 to stage 7.
The aerosol deposition performance of polymer-coated magnetic aggregates was presented in Figs. 10, 11 , and 12. In these figures, the fractional mass deposition of nanoparticles was plotted versus the upper cut-off diameter of each impinger stage. The aerosol deposition performance for each sample was qualified based on calculation of two parameters; the fine particle dose and the FPF.
E f f e c t o f F l o w R a t e o n M a g n e t i c A e ro s o l Deposition. Generally, the samples coated with PPG-NH2 showed a unimodal particle size distribution (Figs. 10  and 11 ). However, polyrotaxane-coated samples induced bimodality in the size distribution profile (Fig. 12) . The observed bimodality for the polyrotaxane-coated samples (from 50 to 150 mg polyrotaxane/100 mg nanoparticles) reflects greater fraction of aggregates for these samples, which is diminished upon increasing the coating polymer concentration. The inhalation flow rate seemed to have significant impact on magnetic aerosol deposition (Fig. 11) . This effect could be attributed to the improved dispersion behavior as a result of the increased turbulence and decreased capsule and device retention. PPG-NH2-coated samples showed major aerosol deposition between stages 1 and 4, which suggests poor dispersion behavior for the aggregates. The calculated MMAD values for PPG-NH2-and polyrotaxanecoated magnetic nanoparticles are listed in Tables I and II, respectively. These values indicate the dual dependence of magnetic aerosol deposition on the inhalation flow rate and crystal morphology.
Effect of Polymer Concentration on the Calculated FPF and ED. The increase in the FPF was significant between 15 and 30 L/min for both spherical and cubic aggregates, where an increase in the FPF from 36.28% to 43.39% and from 54.57% to 67.10% was observed for the 50-and 150-mg PPG-NH2-coated samples, respectively (Table III) . To the author's knowledge, no comparative data exist for magnetic aggregates. The same observation obtained upon increasing the flow rate from 30 to 60 L/min (Table S-2) . A further increase in inhalation flow rate from 60 to 100 L/min shows no significant effect on the FPF of magnetic samples. Nevertheless, a significant reduction in the percentage emitted dose was observed for the sample coated with 300 mg of PPG-NH2 (Table III) . This could be attributed to the reduction in the Fe 3 O 4 content as compared to the polymer, which resulted in less magnetic collection. The magnetic formulation coated with 100 mg PPG-NH2/ 100 mg nanoparticles showed a polydispersity index of 0.12 (Table I) , which is reflected on the FPF and ED. The calculated MMAD for this sample is 2.97 μm, and the GSD is 1.41. The decreased value of the polydispersity index is only reflected on the GSD, which means lower deposition of particles in stages 1 and 2 of NGI. This can be reflected in lowering the mouth and throat deposition of inhaled powders following their in vivo administration. However, the sample coated with 250 mg of PPG-NH2 showed a comparable value of polydispersity index and a greater deep aerosol deposition (indicated by the lower value of MMAD). This is because the aerosol deposition is a complex function of the particle size and size distribution profile.
Dependence of Magnetic Aerosol Deposition on Individual Particle's Magnetization. The individual particle's magnetization was calculated based on the experimentally measured saturation magnetization data and the mass distribution profiles determined using mNGI (Fig. 13) . The dependence of particles' saturation magnetization on their diameters was previously reported (43, 44) . The magnetic moment distribution per each particle was calculated and plotted versus the cut-off diameter of mNGI and presented in Figs. 14, 15, and 16. Our results are in agreement with the previously validated data (44). The magnetic moment followed an exponential distribution as a function of the upper cut-off diameters of mNGI (R 2 =0.9974). Increasing the saturation magnetization of magnetic aggregates samples from 0.32 to 1.16 emu/g resulted in a shift in the saturation magnetization distribution, primarily toward the lower stages of impinger. This shift could be attributed in the increased retention by the magnetic field (1 Tesla) in the stages with cut-off diameters <4.46 μm. These results suggest better deposition in the lower stages of impinger upon increasing the magnetization of the prepared magnetic samples.
Interestingly, a shift in the mass magnetization distribution profile toward the upper stages of mNGI was observed for the sample prepared with 1.51 μm MMAD and 1.21 GSD (measured at 15 L min
−1
). This shift could be attributed to the higher particle magnetization which may lead to an increased particles' aggregation. An increase in the inhalation flow rate from 15 to 30 L min −1 resulted in a change in the magnetization distribution profile showing an increased positive slope with the upper cut-off diameter of mNGI. Further increase in the inhalation flow rate from 30 to 60 L min −1 resulted in a significant shift in the magnetization profile toward the upper stages of impinger. This could be primarily attributed to the reduced exposure time to the magnetic field gradient, as the inhalation flow rate increased. The results illustrated above indicate the direct proportionality between the individual particle magnetization and the amount of magnetic field applied (position of nanoparticles on different stages of mNGI relative to the magnet), when the particles' MMAD is smaller than 3.37 μm.
Mathematical Modeling of the Dispersion Process. A powder deaggregation index was proposed and calculated by dividing the geometric diameter of powder aggregates (measured by the dynamic light scattering technique) by the MMAD (estimated from the magnetic aerosol deposition data). Thereafter, a flow rate titration was performed for the calculated deaggregation index. The deaggregation index-flow rate curves showed a sigmoid profile, which can be perfectly fitted to Eq. 2. The calculated kinetic parameters for polyrotaxane-coated samples are exemplarily presented in Table IV . The efficiency of the dispersion process was expressed as parameter (a) in Eq. 2. The calculated values for parameter (a) ranged between 0.13 and 0.32 for the samples coated with PPG-NH2 (in the concentration range from 50 to 150 mg/100 mg nanoparticles), which indicates incomplete powder dispersion by the inhaler device. Significant increase in parameter (a) values was detected for the samples coated with high concentrations of PPG-NH2 (more than 150/100 mg nanoparticles) and polyrotaxane (in the concentration range from 50 to 300/100 mg nanoparticles). The reduction in parameter (a) values indicates the ability of the inhaler PPG-NH2 poly(propylene glycol) bis(2-aminopropylether) Fig. 13 . The influence of airflow rate on the distribution of saturation magnetization per each stage of mNGI for magnetic aggregates samples coated with variable amounts of PPG-NH2/100 mg nanoparticles device together with the applied magnetic field to approximately achieve complete powder dispersion of the aggregates into primary particles. The rate and extent of the dispersion process was expressed by parameters (b) and (x 0 ), respectively. The presence of coating polymer on the surface of magnetic nanoparticles affects the force required to break up the aggregates into primary particles, which consequently affects the rate of dispersion process. Polyrotaxane-coated magnetic aggregates showed better dispersion behavior, which is indicated by the higher values of parameter (b). The highest dispersion was observed for the sample coated with 300 mg of polyrotaxane/100 mg nanoparticles with a parameter (a) value of 0.98 and parameter b value of 27.59. A reduced parameter (b) value indicates the possibility of powder dispersion at relatively lower air flow rates. TEM images showing the dispersion process as a function of air flow rate were presented in Fig. S-2 .
DISCUSSION
The morphological change associated with the addition of polyrotaxane can be attributed to the increased rate of crystal growth. It is well known that increasing the growth rate is Fig. 14. The influence of airflow rate on the magnetization per particle (emu/particle) measured in mNGI at 15 L/min (a), 30 L/min (b), and 60 L/min (c) for magnetic aggregates coated with variable amounts of PPG-NH2/100 mg nanoparticles always associated with a rapid consumption of small nuclei of Fe 3 O 4 /PR. Therefore, the morphology will be forced toward the cubic shape nanoparticles (38, 39) . Our results indicate a significant reduction in the particle size of cubic magnetic nanoparticles upon increasing the concentration of polyrotaxane (from 50 to 300 mg). This can be also confirmed by the peak broadening in the X-ray diffraction pattern (Fig. 6 ). Results for the particle size distribution in mNGI suggest the dependence of in vitro aerosol deposition on the applied inhalation flow rate, which is confirmed by previously reported studies (45, 46) . Therefore, we applied a flow rate titration for investigation of the kinetics of dispersion process. Measurement of the dispersion behavior of powders at a sequence of air flow rates was previously investigated (36) . In the current study, we modified the method proposed in the literature (36) by estimating a novel deaggregation index based on the data obtained from the mNGI. Different samples can be compared based on the maximum extent of dispersion achieved Fig. 15 . Exponential increase in particle's magnetization upon moving toward the mNGI stages with higher cut-off diameter. This exponential profile is valid only for samples with MMAD less than 3 μm Fig. 16 . The estimated particle's magnetization for magnetic nanoaggregates prepared with variable amounts of polyrotaxane/100 mg nanoparticles. The samples were examined using mNGI operated at 60 L/min at 100 L/min. Therefore, the estimated deaggregation indices can be seen as a valuable tool for the potential development of magnetic dry powders for inhalation.
The change in the individual particle's morphology is not reflected on the aggregates shape (Fig. 5) , and it only affects the deaggregation behavior upon exposure to an airflow stream. Based to our knowledge, the shape of aggregates has an impact on their aerodynamic drag forces and considerably affects their entrainment in air stream. Previous mathematical studies were conducted to describe the effect of drag forces on the local aerosol deposition of nanoparticles (31) . The transport and deposition equation of magnetic aerosols can be written:
where v i and u i are the components of the particle and local flow velocity, respectively. τ p is the characteristic time required for the particle to respond to changes in fluid motion. The local deposition of particles in a model respiratory tract is affected by gravitational forces (g i ), Brownian motion (f brownian ), and drag factor (f). Based on the SEM imaging, we assumed that aggregates have similar shape. Nevertheless, evaluation of the aggregate geometries is needed for the development of geometric shape factor that can be used in drag coefficient calculations, which is an interesting area of research for perspective studies.
On the other hand, the variation in the dispersion process between cubic and spherical nanoparticles could be connected to the different fractal geometry of individual particles (47) . The change in the geometric network structures results in variations in the work of adhesion between primary neighboring particles (48) . Therefore, the air flow rate and magnetic field can influence the dispersion behavior of magnetic aggregates with different fractal geometries.
CONCLUSION
Variation of coating polymer concentrations can be regarded as a primary factor for controlling the particle size, shape, and dispersion behavior of magnetic aggregates. The change in the particle size concurrently with the particle shape can suggest the moderate rate of thermal decomposition of iron precursor, thus giving sufficient time for the formation of aggregates. In the current study, we demonstrated the morphological transformation of polymeric-coated magnetic aggregates from spherical to rhombic passing through the cubic crystal structure.
In addition, we introduced a modified setup of the next generation impinger for investigating the in vitro aerosol deposition of magnetic nanoparticles. The magnetic deposition of polymeric-coated magnetic aggregates seemed to be complex and dependent on various interactive factors. Therefore, we investigated the dispersion profile of different aggregate samples and showed how it was affected by the magnetization value on each particle. Mathematical modeling of the in vitro dispersion profile leads to better selection of the ideal formulation, which provides high deaggregation index at relatively low air flow rate. 
